This work describes and compares two different methods for identifying growth patterns in preterm infants during the second year of development. One method is based on creating anatomical atlases from the population of subjects within each timepoint and using the transformation between atlases at different timepoints to create average volume change maps. The second method uses multiple longitudinal intra-subject registrations to produce individual volume change maps. These maps are then transformed into a common coordinate system and averaged with the method used for atlas creation. We show that there is a reasonable level of agreement between the two methods and both generate plausible growth patterns implying that either could be used to track development during this period of growth.
INTRODUCTION
Preterm birth has a significant effect on the developing brain, and infants born preterm commonly display neuropsychiatric problems during childhood [1] [2] [3] . It is therefore important to be able to determine the structural changes that occur in the brain in the early years. We have previously used deformation-based morphometry to study differences between term-born infants and preterm infants at term equivalent age [4] [5] . By analyzing deformation fields produced by non-rigid registration between subjects, quantitative volumetric changes between the two groups can be obtained.
However, such studies do not indicate how the brain of preterm infants develops with time. In this work, we focus on regional volumetric changes due to growth of structures in the preterm brain from one to two years. Older children (over three years) have been the subjects of previous longitudinal studies [6] , but we are not aware of studies of brain development between one and two years, despite the fact that significant growth occurs during this period.
In this study, we compare two methods to map the average growth from one to two years. In the first method, we created separate atlases, representing the average shape of the population at one year and at two years of age. The atlases at each timepoint were then registered and used to generate maps of regional brain growth. In the second method, the subjects were longitudinally registered to obtain separate growth maps for each individual. The individual growth maps were then registered and combined in an average population space using the same method that generated the anatomical atlases.
A number of methods have recently been proposed to create average or template free atlases [7] [8] [9] [10] [11] [12] . For the purposes of this study, we have chosen to average non-rigid deformations [13] . However, it is additionally necessary to account for overall growth in brain size and shape as well as local development of structures within the brain. We have therefore also averaged the global component of the transformations, so that the resulting atlas lies in a space representing both the global and local average.
MATERIALS AND METHODS
For this study, we use data presented in a previous study [4] . These contained T1 images of preterm infants scanned at term equivalent age (44 images) at one year (7 images) and at two years (7 images). The one and two year images represent repeat scans of the same children. The images were acquired using A 1.5T Eclipse MR system (Philips Medical Systems, Cleveland, Ohio), TR = 30ms, TE = 4.5ms, flip angle = 30 o with a voxel size of 1 × 1 × 1.6mm 3 . In order to visualise typical growth patterns atlases were generated at each timepoint to represent the average shape and size of the population. Several methods have been used to construct such atlases [9] [10] [11] [12] [13] [14] . In this study, we have chosen a reference subject at each timepoint and registered the remaining images at the same timepoint with the reference. The resulting transformations are then averaged in order to remove any potential shape or size bias towards the chosen reference. Clearly, global affine changes play a significant part in developmental growth. The global shape and scale changes within the transformations between subjects are therefore averaged separately from the non-linear part of the transformations. Section 2.1 presents the global scale and shape averaging method. The non-linear components of the transformation are averaged using a method similar to that presented in [13] as is described in 2.2.
Affine Registration
After registering subject images {I1, . . . , In} with the reference image for each timepoint, an estimate of the global transformations from the reference to each of the subjects can be represented by homogeneous transformation matrices {T Because we aim to correct only for global shape and size differences, it is not necessary to average the rigid components of these transformations. These global shape and size differences are represented by the affine matrices {A g i }. The average affine matrix Aav was then obtained using the exponential and log maps relating the space of selected transformations to its tangent space.
this method has been used more generally for transformations [15] and for tensor data [16] . If the skew parameters are generally small in the individual matrices {Ai}, then each one is close to a diagonal scaling matrix. In this case it could be possible to approximate the average Aav by a diagonal matrix containing the geometric means of the individual scale parameters although in this work we have used the exponential and log maps instead.
Non-rigid registration
The local deformations relating the subjects and reference at each timepoint were estimated using a non-rigid registration algorithm that models local deformations using B-spline free-form deformations (FFDs) [17] . To define a FFD, let Φ denote a nx × ny × nz lattice of control points each with three degrees of freedom. The FFD displacement at a point can be written as the 3D tensor product of the 1-D Cubic B-spline basis functions:
where the nth 1-D cubic B-spline basis function is Bn n ∈ {0, . . . , 3}, {Φ i,j,k } represent the control point components in the neighbourhood of (x, y, z) with the indices {i, j, k} chosen to range over this neighbourhood:
The values of (r, s, t) represent the local coordinates of the control points relative to the basis functions. Gradient descent was used to optimise the Normalised Mutual Information of the subject and reference images with respect to the control point displacements. Once displacement fields {T 
Atlas construction
Within the population of each timepoint, the average affine matrix Aav and the average local displacement field T l av were then used to produce an average combined global and local transformation Tav
which maps reference locations to a postulated average space. All subjects (including the reference) are then used to create an average anatomical atlas in the space of the reference image. The resulting image is then transformed using T −1 av to the average space to reduce the effect of bias towards the reference. T −1 av is calculated numerically from Tav over the average space locations. The atlases generated at birth, 1 and 2 years are shown in figures 1 and 2.
Quantifying Growth
Maps showing regional growth from 1 to 2 years were generated using two different methods. For the first method, anatomical atlases were generated as described above and a non-rigid registration was carried out between these atlases. Using the resulting transformation, a growth map is estimated by calculating the determinant of the Jacobian of the transformation over the brain region. The FFD representation of the transformation as a tensor product of B-splines basis functions allows the Jacobian calculation to be done analytically using the derivatives of the basis functions.
The second method involved using the fact that the 1 and 2 year data represented the same 7 subjects scanned at two timepoints. We obtained longitudinal registrations for each subject and, again by finding Jacobian determinants, individual intra-subject growth maps were generated. The individual Jacobian maps were spatially normalized to the space of the reference subject using the transformations that generated within-timepoint anatomical atlases (section 2.3) and averaged This normalisation step is described by Studholme et al in [18] . A further transformation was applied to the average of the spatially normalized individual growth maps to bring them into the same space as the growth map obtained from registering the average space anatomical atlases. Diagrams illustrating both methods described are shown in figure 3 .
The contrast between the two methods can be regarded as a choice over whether to fuse data or to fuse interpretations. The data (anatomical images) can be fused first, creating atlases at each timepoint, and subsequently interpreted (i.e. growth maps can be evaluated). Alternatively, the data can be interpreted first, creating individual growth maps and then the interpretations are fused. A further discussion of these contrasting methods can be seen in Rohlfing et al [19] .
RESULTS
The growth maps calculated by each of the two methods are shown for comparison in figure 4, red indicates expansion and blue shows contraction. The Jacobian determinants shown were calculated using registrations from two to one year olds, i.e. they are in the space of the one year old atlas and expansion in the map represents growth forward in time. Figure 4 shows good agreement between the two Fig. 3 : Left: Atlas construction within a timepoint. The numbered arrows show the transformations between the reference and the remaining subjects. The affine and non-linear parts are averaged to create Tav which is used to map a reference space atlas to the average space. Right: The vertical arrows show intra-subject between timepoint registrations. These are used to obtain the growth maps ji which are then mapped to the average space (using the within timepoint transformations of the left figure) and combined. methods. Both maps show a widespread contraction in the CSF spaces and ventricles. In addition there is agreement on expansion of the anterior areas of white matter slightly in front of the ventricles. The growth data for the two different methods are also shown in the form of a joint histogram in figure 5 . The correlation of the data produced by both methods was r 2 = 0.70. To further illustrate the regions affected by growth or contraction, three views of a single growth map are shown in figures 6, 7 and 8. Additionally, volume change percentages quantifying the growth of particular anatomical regions were estimated by integrating the values of the Jacobian determinant over the regions of individual structures. The volume changes for the chosen structures were calculated using the averaged intra-subject Jacobian maps and are shown in table 1.
DISCUSSION
We have shown how individual intra-subject registrations and the registration of atlases at two timepoints can both be used to generate growth maps for infants in their second year. In the terms used by Rohlfing et al [19] , the two methods can be viewed as either the combination of anatomical data followed by interpretation (growth maps from atlas registration) or the combination of interpretations (averaged intra-subject growth maps).
The patterns of growth shown by each method appear to be clinically plausible in that regions of frontal white matter show the highest expansions (in keeping with data from older normal children) and the general increase in the volume of brain tissue leads to a contrac- Given that longitudinal data were obtained on the same patients at both time points, the mutual consistency of the two methods of generating growth maps is perhaps not too surprising. However, it seems reasonable to suggest that the consistency of the methods is at least partly due to genuine patterns of growth are being identified.
The correlation between the two methods is shown in figure 5 where it can also be seen that variability in the data derived from the single atlas-atlas registration is higher than that generated by averaging separate Jacobian maps. This would appear to make sense as it is expected that the averaging process for the intra-subject growth maps should reduce some of their variability. However, the data indicate that the registration of anatomical atlases is still of a sufficient quality to be used for generating regional growth information.
The use of average atlases of the anatomy at different timepoints, as opposed to multiple intra-subject registrations may make it easier to identify patterns of growth in cases where repeat scans in longitudinal data are unavailable. In future work, we aim to investigate patterns of growth from atlas to atlas registration where the populations at each timepoint share few or no common subjects.
We also intend to extend this work to explore regional patterns of development at earlier ages, namely in the first year. Another possible extension of this work would be to investigate the effect of the use of intensity consistent filtering [18] on the estimates of growth relating to individual structures. 
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